Upright perception is a key aspect of orientation constancy, as we maintain a stable perception of the world despite continuous movements of our eyes, head, and body. Torsional position of the eyes can impact perception of upright by changing orientation of the images on the retina relative to gravity. Here, we investigated the role of temporoparietal cortex in upright perception with respect to ocular torsion, by means of the inhibitory effect of continuous theta burst transcranial magnetic stimulation (TMS). We used a subjective visual vertical (SVV) paradigm to track changes in upright perception, and a custom video method to track ocular torsion simultaneously. Twelve participants were tested during a lateral head tilt of 20° to the left. TMS at the posterior aspect of the supramarginal gyrus (SMGp) resulted in an average SVV shift in the opposite direction of the head tilt compared to a sham stimulation (1.8°). Ocular torsion following TMS at SMGp showed no significant change compared to the sham stimulation (−0.1°). Thus, changes in upright perception at SMGp were dissociated from ocular torsion. This finding suggests that perception of upright at SMGp is primarily related to sensory processing for spatial orientation, as opposed to subcortical regions that have direct influence on ocular torsion.
Upright perception is a key aspect of orientation constancy, as we maintain a stable perception of the world despite continuous movements of our eyes, head, and body. Torsional position of the eyes can impact perception of upright by changing orientation of the images on the retina relative to gravity. Here, we investigated the role of temporoparietal cortex in upright perception with respect to ocular torsion, by means of the inhibitory effect of continuous theta burst transcranial magnetic stimulation (TMS). We used a subjective visual vertical (SVV) paradigm to track changes in upright perception, and a custom video method to track ocular torsion simultaneously. Twelve participants were tested during a lateral head tilt of 20° to the left. TMS at the posterior aspect of the supramarginal gyrus (SMGp) resulted in an average SVV shift in the opposite direction of the head tilt compared to a sham stimulation (1.8°). Ocular torsion following TMS at SMGp showed no significant change compared to the sham stimulation (−0.1°). Thus, changes in upright perception at SMGp were dissociated from ocular torsion. This finding suggests that perception of upright at SMGp is primarily related to sensory processing for spatial orientation, as opposed to subcortical regions that have direct influence on ocular torsion.
Keywords: ocular torsion, subjective visual vertical, temporoparietal cortex, transcranial magnetic stimulation, upright perception inTrODUcTiOn Human studies have shown a multisensory role of the temporoparietal cortex in perception of spatial orientation (1) (2) (3) (4) (5) (6) . There is mounting evidence that areas within the temporoparietal cortex such as the posterior insula, inferior parietal lobule (angular and supramarginal gyri), and superior temporal gyrus are involved in processing or encoding vestibular, visual and somatosensory information. However, the underlying mechanisms for convergence of these sensory information are poorly understood. Multisensory integration is indeed vital for orientation constancy since our eye, head and body positions change frequently. Such orientation constancy allows us to inherently perceive the world in upright orientation, despite the changing position of the images on the retina.
Perception of upright can be measured by a psychophysical task known as the subjective visual vertical (SVV). In this task, a visual line is used to measure the perceived earth-vertical orientation (7) (8) (9) (10) . When the head is tilted laterally toward the shoulder, the eyes roll in the opposite direction of the head tilt. This counter-rolling of the eyes does not fully compensate for the amount of head tilt (typically only by about 10-25%). Such partial compensation in torsional eye position results in deviation of the vertical meridian of the eyes, and subsequently tilt of the retinal images with respect to the axis of gravity. For example, if the head is tilted 20°, the eyes may rotate only 5°, and therefore the orientation of the retina relative to gravity would be 15°. Now in order to maintain accurate upright perception, the brain must determine the orientation of the images on the retina relative to gravity by integrating information from the head and body positions in space with the eye position in head. Thus, ocular torsion plays a critical role in perception of upright by affecting the orientation of the images on the retina.
Subjective visual vertical deviations from subcortical brain lesions are often accompanied by deviations in ocular torsion (11) . Thereby, in such cases errors of upright perception are corollary to changes in the torsional eye position. Here we investigated a similar link between perception of upright and ocular torsion at the level of cerebral cortex, asking whether the cortical mechanisms involved in perception of upright directly affect ocular torsion, or instead these 'higher-order' mechanisms are primarily involved in processing sensory signals encoding visuospatial orientation. In order to address this question, we used an inhibitory effect of transcranial magnetic stimulation (TMS) at the posterior aspect of the right supramarginal gyrus (SMGp) within the temporoparietal junction (TPJ). We have previously shown that SMGp is involved in perception of upright orientation and likely has a role in maintaining orientation constancy (12) . The inhibitory effect of TMS at this cortical location results in a shift of SVV errors in the opposite direction of the head tilt. Here, we used the same TMS method while recording SVV and ocular torsion simultaneously. A psychophysical paradigm was used for tracking changes in SVV responses, and the torsional position of the eyes was recorded using real-time video-oculography.
MaTerials anD MeThODs

Participants
Twelve right-handed volunteers (mean age 26 years; nine females) participated in the experiment after giving written consent. All participants were in good health without vestibular, neurologic, or psychiatric illness. The inclusion criteria were based on the consensus guidelines for TMS use in research (13) . All participants had normal ocular counter-roll in response to the 20° head tilts (4.6°± 0.6°) (14) . The experiment procedures were approved by Johns Hopkins Institutional Review Board.
general experiment Procedures
All participants underwent at least four separate experimental sessions, completing TMS and sham stimulation on different days ( Figure 1A) . One preliminary session without any stimulation was used to familiarize the participants with the psychophysical paradigm (data not shown in this study). Experiments were performed in a completely dark room while SVV and ocular torsion were measured simultaneously. In all sessions, the head was immobilized using a molded bite bar, which was mounted on a rotary motor (Zaber Technologies Inc., Vancouver, BC, Canada) so that the head tilt position could be controlled remotely. The head was tilted 20° to the left side, while participants were sitting upright. Tilting of the head was to induce changes in ocular torsion and also to lower the threshold for the effect of TMS on SVV errors, replicating the conditions of our previous study (12) . In all sessions, we recorded SVV and ocular torsion for 300 trials before any stimulation was applied in order to obtain baseline, pre-stimulation values (see SVV paradigm and ocular torsion measurement below for details). After recording the baseline trials, the head was brought back to upright position and TMS or sham stimulation was applied while participants stayed on the bite bar in dim light during the stimulation. We used a continuous theta burst stimulation (cTBS) protocol, which transiently disrupts cortical activity with an inhibitory TMS effect lasting for minutes after the stimulation (12, 15) (see TMS and sham stimulation protocols below for details). Anatomical landmarks on the brain MRI were used to select the cortical locations for magnetic stimulation (see localization of SMGp below). Following TMS and sham stimulation, the bite bar returned to the 20° left tilt position and both SVV and ocular torsion were recorded for 500 trials in order to obtain post-stimulation values. The pre-stimulation SVV and ocular torsion values were then subtracted from the post-stimulation values to calculate respective shifts in SVV and ocular torsion following each stimulation (see data analysis below for details). Every time the head moved from upright to the tilt position, there was a 30-s pause in the SVV paradigm in order to avoid the residual effects of semicircular canal stimulations during head tilt on SVV responses.
sVV Paradigm
We used a two-alternative forced choice paradigm (2-AFC) for SVV measurement in a completely dark room (Figures 1C,D) as reported in a previous study (10) . The head was immobilized with a molded bite bar while the line stimulus was displayed on a CRT monitor (1,280 px × 1,024 px), 135 cm away in front of the participant. To eliminate all possible visual cues during the recordings, we set the brightness and contrast levels of the screen to minimum (screen luminance <0.5 cd/m 2 ). The room had no windows and was specially designed to perform experiments in the dark with all walls, floor, and ceiling painted black and doors sealed using thick drapes. To further eliminate any potential cue coming from the monitor in the case of dark adaptation, we also used a black cardboard with a circular opening around the fixation spot. During each trial, the task was to click the right or left button on a controller to report whether the line was tilted to the right or left of perceived upright orientation. The line angle was randomly selected within a range of angles that was adjusted in blocks of 10 trials ( Figure 1D ). The fixation dot appeared first, and after 1 s, the line stimulus was presented for a minimum of 300 ms and maximum of 1.5 s until participants responded. If there was no response within 1.5 s, the line disappeared and a new trial started after clicking a button on the controller. In such cases, the missed angle (i.e., the line orientation) was presented again at a later time within the same block (i.e., 10 trials), ensuring that all the angles were presented and the corresponding responses were obtained exactly once. In each block, five different line angles were presented in the upper visual hemifield (always radiating from the fixation point), and the same five angles were presented in the lower visual hemifield. At the beginning of the paradigm (i.e., the first block), the angles were selected from the entire range of 360°, but this range was adjusted in subsequent blocks in order to track changes in upright perception. The adjustment was made by calculating a new range for each block, centered at the SVV value derived from the trial responses in previous three blocks (for SVV calculation see the data analysis). The width of the range decreased by half in every block until the paradigm reached the 9th block, after which it remained constant at 10° for all the remaining blocks. Thereby, the SVV paradigm could track changes in upright perception and it was not biased by making prior assumptions about the SVV value.
Ocular Torsion Measurement
We used RealEyes xDVR system manufactured by Micromedical Technologies Inc., and a custom software to record torsional eye position. This video-oculography system uses two cameras (Firefly MV, PointGrey Research Inc., Richmond, BC, Canada) mounted on goggles to capture infrared images of each eye. Participants wore the goggles during the entire experiment sessions. In order to measure and track torsional eye position, we used a method based on iris recognition, which operates binocularly in real time at 100 Hz with a noise level that can reach less than 0.1° (16) (Figure 1B ).
TMs and sham stimulation Protocols
Each participant underwent a T1-weighted, high-resolution MRI using a 3T scanner (Philips Healthcare, Cleveland, OH, USA). We used a frameless neuronavigation system based on a 3D model of the brain (Brainsight, Rogue Research Inc., Montreal, QC, Canada) for real-time tracking of TMS coil and accurate targeting of a cortical area of interest. In this neuro-navigation method, a series of scalp landmarks on the brain MRI and the participant's head are co-registered using infrared sensors. We used a Magstim Rapid 2 stimulator and 70 mm figure-of-eight coil (Magstim Co., Whitland, UK) for TMS application. A train of 200 bursts was given at 5 Hz (inter-burst interval of 160 ms) for 40 s. Each burst consisted of three pulses repeating at 50 Hz for duration of 40 ms (total of 600 pulses). Participants wore ear plugs during TMS to dampen the noise from the coil discharges. The frequency, intensity, and duration of this cTBS protocol was within the safe limits, and there were no side effects from TMS in our participants (13) .
To apply TMS, the coil was held tangential to the surface of the scalp by an articulated stand. The coil handle pointed backward, parallel to the Sylvian fissure for magnetic stimulation. The stimulation point (i.e., the center of the TMS coil) was continuously monitored using the neuronavigation system to ensure it remained directly over the cortical target location. The magnetic field generated by this method has an estimated spatial resolution of 1-2 cm 2 with a depth of penetration about 2 cm below the scalp (17, 18) . In each participant, we recorded active motor threshold (AMT), which is the lowest intensity of magnetic stimulation over the cortical hand area that can induce myogenic evoked potentials during isometric contraction of the first dorsal interosseous muscle. Although the intensity of magnetic stimulation is usually adjusted using AMT, it is not clear whether it would be relevant to the effects of TMS at sensory cortical regions (19, 20) . Here, we used a fixed magnetic stimulation at 55% of the maximum stimulator output. The range of AMT was between 43 and 73% in our participants. Thus, the 55% fixed stimulation intensity corresponds to 75-127% of AMT across our participants. The procedures for sham stimulation was similar to the TMS except that a wooden block was placed between the TMS coil and the scalp, with the center of the coil oriented 90° away from the trajectory used for TMS application.
localization of sMgp
In each participant, anatomical landmarks were used on the brain MRI to estimate the location of the right SMGp. This was done by functionally identifying the right primary motor cortex and recording AMTs at the hand-knob area. The location of central sulcus could then be verified, and based on that, other cortical landmarks were identified including the supramarginal gyrus, angular gyrus, and posterior aspect of the supramarginal gyrus (SMGp) (Figure 2) . Because the anatomy of the cortex varies greatly in this region among individuals, as a first step, we functionally verified the location of SMGp by applying TMS at the right SMGp and measuring its effect on SVV responses. As shown previously, the inhibitory effect of TMS at SMGp produces an SVV shift in the opposite direction of the head tilt (12) . Here, we used a similar approach and measured the SVV shift following TMS in order to verify the location of SMGp. Figure 2 shows the cortical locations that were examined within the temporoparietal cortex along with the corresponding SVV shifts in each participant. On average, two cortical locations were examined among all participants (minimum one and maximum five locations). In five participants, the location of SMGp was verified after other cortical locations were examined, and in four participants, it was verified before other cortical locations were examined. Three participants had TMS only at SMGp and not at any other cortical location. The average MNI coordinates (Montreal Neurological Institute, 152 template) for the functionally verified SMGp location among all participants (red marks in Figure 2) were X = 55.4 (range 48.7-61.0), Y = −25.9 (range −34.0 to −12.8), and Z = 33.8 (range 24.6-47.0). Once we identified SMGp, a second TMS session was recorded at the same SMGp location in order to record SVV and ocular torsion simultaneously (as described in the experiment procedures). This second TMS session was done to ensure that the SVV shift at SMGp could be reproduced, as in some participants there was a selection bias toward a larger SVV shift in the first TMS session in order to identify SMGp from all the examined cortical locations.
Data analysis
SVV was calculated by fitting a psychometric curve to the forcedchoice responses of every 100 trials, using a logistic function and a generalized linear regression model (Matlab fitglm). The SVV value was the angle at which the probability of left or right responses was 50% (point of subjective equality) ( Figure 1E) . In nearly all blocks, two or more angles had response rates between 11 and 89%, which confirms that the resolution of the probing blocks in the SVV paradigm was not low to cause biases by a few angles. We also examined SVV precision, which was calculated as the difference between the 50 and 75% points on the psychometric curve.
In order to compare the ocular torsion and SVV responses, we first calculated the average torsional position of both eyes during each trial in the SVV paradigm. These torsion values were then averaged within a sliding window of 100 trials. The corresponding SVV value was also derived from the psychometric curve within the same sliding window of 100 trials. This window of trials-in which SVV and torsion values were calculated-was then advanced in steps of 10 trials so that changes in SVV and ocular torsion could be displayed over time. The average prestimulation values were subtracted from the post-stimulation values to calculate the respective shifts in SVV and ocular torsion. These shift values were used for statistical comparisons. We used a paired t-test with a significance level of 0.05, as the SVV and torsion data were both normally distributed (Shapiro-Wilk To compare changes in SVV and ocular torsion over time, we first fitted a linear regression and then compared the slopes using a paired t-test. In all sessions, SVV responses from the first 50 trials were discarded along with the ocular torsion recordings, as the ranges of probing angles in these initial trials were not narrow enough to obtain an accurate SVV value (see Figure 1D ).
resUlTs
Here, the goal was to determine whether or not the shift in upright perception from the cortical effect of TMS at SMGp could be due to induced changes in ocular torsion. Accordingly, we used simultaneous SVV and ocular torsion measurements before and after applying magnetic and sham cortical stimulations.
In each recording session, we accounted for baseline SVV and ocular torsion values to determine the effects of TMS and sham stimulations. Thus, SVV and ocular torsion shifts were calculated by subtracting the average pre-stimulation values from the poststimulation values, which also eliminated the variable effect of head tilt across participants. In order to determine the specific effect of TMS, the corresponding shifts in SVV and ocular torsion were compared to the sham stimulation. Figure 3 shows the SVV and ocular torsion shifts following TMS and sham stimulation in one participant. The SVV shift following TMS at SMGp is in the opposite direction of the head tilt, and it is larger compared to the sham stimulation. The SVV shift is also comparable to the first TMS session at SMGp, which was . In both traces, there is a leftward drift over time (i.e., the head tilt direction), but the SVV shift from TMS is larger and it is in the opposite direction of the head tilt. (B) Ocular torsion shift is shown for SMGp (red) along with the sham session (blue). There is no significant difference between the sham and TMS sessions. (c) SVV shift from the localization session (first TMS session) at SMGp (red) is shown along with the sham session (blue). The SVV shift is comparable to the second TMS session at SMGp (a), which shows a reproducible TMS effect at SMGp. (D) SVV shift at another cortical location (orange) is shown along the sham session (blue). Here, both traces also drift over time toward the left side (i.e., the head tilt direction); however, the SVV shift from TMS is smaller and it is in the same direction as the head tilt. done to verify its cortical location. The ocular torsion, however, is not different between the TMS and sham sessions. As opposed to SMGp, the SVV shift following TMS at another cortical location is smaller and it is in the same direction of the head tilt. The average shifts in SVV and ocular torsion for all participants are also shown in Figure 4 . The average SVV shift following TMS (1.0°) was significantly different from the average SVV shift following the sham stimulation (−0.8°) (p = 0.04). The positive SVV shift following TMS indicate that the shift was in the opposite direction of the head tilt (i.e., a rightward shift), and the negative SVV shift following the sham stimulation indicates that the shift was in the same direction as the head tilt (i.e., a leftward shift). Overall, the average SVV shift following TMS at SMGp was comparable to the first TMS session (SVV shift, first TMS session 1.6°; second TMS session 1.0°; p = 0.5), which shows that the SVV shift was reproducible at SMGp. The average shift in ocular torsion following TMS (−0.8°) was not different from the sham stimulation (−0.9°) (p = 0.8). Thus, the SVV shift induced by TMS was not accompanied by changes in the ocular torsion. As described previously, SVV values may drift over time during a static head tilt, usually toward the direction of the head tilt (10). Accordingly, here there was also an average SVV drift of −3.9° (i.e., leftward) in the TMS sessions and an average SVV drift of −4.8° in the sham sessions among participants. The slopes of these drifts were not different (p = 0.4). Therefore, although TMS resulted in an SVV shift in the opposite direction of the head tilt, there was no significant change in the SVV drift over time ( Figure 4A) .
Overall, nine participants also had TMS at other cortical locations near SMGp (Figure 2) . The average SVV shift following TMS at these nearby cortical locations (−1.3°) was not different from the sham stimulation (−1.1°) (p = 0.77). We also compared the effect of TMS at SMGp with nearby cortical locations and the SVV shift following TMS at SMGp (1.1°) was significantly different from the SVV shift following TMS at nearby cortical locations (−1.3°) (p = 0.01) (Figure 5) . We also tested the possibility of TMS affecting SVV precision, which was calculated as the slope of the psychometric fits to the SVV responses. A change in precision would indicate that our results could be due to the effect of fatigue and not TMS per se. However, there was no difference between the SVV precisions following TMS at SMGp (0.3°) and the sham stimulation (0.36°) (p = 0.2). The trial reaction times were also compared and there was no significant difference between the TMS at SMGp (0.008 s) and the sham stimulation (−0.029 s) (p = 0.2). In both cases, the values compared were the shift in precision and reaction time, which were derived similar to the approach used for comparing SVV and torsion values.
DiscUssiOn
Our results show that the inhibitory effect of TMS at SMGp (within TPJ) alters perception of upright without changing the torsional position of the eyes. This finding excludes a direct cortical influence on torsional eye position as a cause for the altered perception of upright. The SVV shift reported here is comparable with the similar effect of TMS at SMGp reported previously by our group (12) . In line with this finding, patients with cortical lesions involving TPJ show SVV deviations without a change in the torsional eye position (21) . In addition, the difference between the average SVV shift from TMS and sham stimulation in our results (1.83°) is compatible with the SVV deviations reported in patients with cortical lesions (1, 2, 21-23 ). These patients, however, might have had adaptive changes due to the chronic course of their deficits, and thus showed SVV deviations smaller than those seen in acute cortical lesions.
The temporoparietal junction is a cortical hub for various aspects of spatial perception including visuospatial attention, heading perception, visual gravitational motion, sense of embodiment, self-localization, and egocentricity (5, 6, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) . Accordingly, lesions in this cortical area have also been linked with out-of-body experience and room tilt illusion (31, (36) (37) (38) (39) (40) . With respect to upright perception, TPJ involvement is especially evident in patients with neglect syndrome. These patients are unable to attend to sensory stimuli in their contralesional hemispace and also show significant contraversive deviations of their upright perception (1, (41) (42) (43) (44) (45) (46) (47) (48) . These lines of evidence suggest that same cortical networks contribute to perception of body orientation, visuospatial awareness, and upright orientation. From such perspective, the multisensory processing at TPJ would be crucial for the construction of reference frames in order to make extrapersonal spatial transformations. Our results are also in keeping with this view and show that SMGp is involved in processing sensory inputs underlying upright perception, without directly affecting the ocular torsion. Such sensory processing requires information about the head position in space, torsional eye position in the orbit (i.e., proprioceptive or efference copy signals), and visual inputs from the retina (7, 10). The brain must be able to incorporate these various sources of sensory information through a neural integration process, so that it can maintain a common reference frame for upright orientation. Therefore, the cortical effect of TMS at SMGp could be related to changes in individual sensory signals or computation of a common multisensory reference frame for perception of upright.
In this study, we used cTBS protocol for magnetic stimulation, which has an inhibitory cortical effect lasting for minutes (15) . Because of this prolonged TMS effect, which may arise at different time points in individual subjects, we used long recording paradigms that could track temporal changes in SVV and ocular torsion. During a prolonged static head tilt, SVV responses usually change in the direction of the head tilt. This SVV change, although may have a variable time course, its overall trend can be calculated as the slope of a linear fit to the SVV responses (i.e., the SVV drift). During head tilt, the SVV drift does not correlate with the changes in torsional eye position and likely it is caused by the adaptive changes in sensory signals that encode head position (10, 49) . As mentioned earlier, our participants showed similar SVV drifts-changing gradually in the same direction as the head tilt-and while TMS consistently induced an SVV shift in the opposite direction of the head tilt, it did not affect the slope of the SVV drift (Figures 4 and 5) . This pattern suggests that the cortical effect of TMS at SMGp did not alter the adaptive changes in SVV during head tilt.
Here, we used an open-loop SVV paradigm that could track temporal changes in upright perception, without providing any feedback or constraining responses within a fixed range of probing angles. We found no change in the SVV precision or trial reaction times following TMS, which shows the shift in upright perception was mainly due to the altered accuracy and not variability in SVV responses or fatigue. The cortical locations in our participants were within the expected depth of the magnetic field generated by TMS coil (17, 18) . Although TMS at other cortical locations showed no significant SVV shift, this approach does not allow us to exclusively link SMGp to perception of upright. It is also possible that TMS inhibited other nearby areas or neural networks, however, at the moment we cannot establish such links with perception of upright.
In conclusion, our results show that the inhibitory effect of TMS at SMGp, a cortical area within TPJ, altered upright perception without commensurate changes in ocular torsion. This finding has important implications for understanding the functional role of this cortical area in orientation constancy. Changes in ocular torsion can indeed affect perception of upright as it occurs at subcortical levels. The dissociation between upright perception and ocular torsion at SMGp suggests this cortical area, without directly affecting torsional eye position, is primarily involved in sensory processing for spatial orientation (e.g., the efference copy signals for torsional eye position). Future studies will have to investigate the neural mechanisms at TPJ that contribute to sensory processing for upright perception and spatial orientation.
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